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COPUTATIONAL TREATMENT OF
TRANSONIC CANARD-WING INTERACTIONS

Vijaya Shankar* and Norman Nalmth**
Rockwell1 International Science Center

Thousand Oaks, California 91360

Abstract each surface's isolated aerodynamics Is alteramtely
corrected for induction from the other. This con-

The transonic canard-wing interaction problem cept my have some validity for large stagger and
is simulated using modified small disturbance (MSD) gap cases, but may not converge for closely coupled
transonic theory. The wing and the canard are arrangements. In fact, even if convergence is oh-
treated in a sheared fine grid system that is embed- tained, the result my not be the physically correct
ed in a global Cartesian crude grid. An appropriate solution.
far field and asymptotic expression for the velocity
potential derived using Green's theorem Is Imple- A mutually interacting two-dimenstional canard-
mented. Results are presented for a few canard-wing wing model based on the Karman-Guderley transonic
configurations and compared with available experi- small disturbance theory is reported in Ref. [4]
mental data. The weakening of the wing shock due to showing several parametric studies Involving canard-
the presence of the canard downwash is illustrated wing angles of attack, stagger and oap between the
in terms of contour plots. An empirical incidence two lifting elements. The objective of the present
correction for the wing leading edge vortex gives study is to extend the two-dimensional analysis to
good agreement with experiment at low incidences. three-dimensions by modifying an existing small dis-
For higher angles of attack, the results indicate turbance theory transonic code for wing-body combi-
that a more sophisticated vortex roll-up and induc- nations[S] to include the presence of a canard or
tion model is required. tail. The approach is to introduce a separate

sheared fine grid box for the canard similar to the
Introduction one used for the wing. However, the experience from

the two-dimensional analysis[4] indicates that
A number of highly maneuverable fighter config- erroneous solutions can result from the use of two

urations such as the HIMAT, XFV-12A and Forward fine grid box arrangement for very closely coupled
Swept Wing, have been proposed with closely coupled canard-wing systems due to placement of the outer
canard systems which can lead to several advantages boundaries of the fine grid box in strong nonlinear
such as higher trimmed-lift capability, Improved regions of the other surface. To avoid this situa-
pitching moment characteristics, and reduced trim tion, when the canard Is in the close proximity of
drag. Also, the geometric characteristics of close- the wing, a single fine grid box is used that en-
ly coupled canard configurations offer an improved closes both the lifting surfaces. By contrast, the
longitudinal cross-sectional area progression which two fine grid box arrangement is used for mildly
could result in reduced wave drag at low supersonic coupled canard-wing configurations. Beside the tum-
speeds. Additional advantages associated with im- erical implementation, the paper also includes a
proved side force capability have been reported by detailed analysis of the appropriate far field pro-
Re and Capone[l]. The associated interaction due to cedure based on an asymptotic theory. The present
such surfaces with the wing as well as those from paper neglects the downward deflection of the wake,
conventional tail planes involves important non- vortex roll-up and leading edge separation phenom-
linear phenomena in the supercritical speed regime. ena. These can be Important effects and are being
These effects can significantly change spanwise load considered In separate analyses.
distributions as well as the effective incidence
field. Corresponding modifications of aerodynamic Results are shown for a few sple canard-wing
performance and stability characteristics are there- conflgurations and compared with available experi-
fore to be anticipated not only for fighter config- ttU data.
urations, but with tails interacting with large- Eauations Mn Boundary Coditions
aspect-ratio wings typical of transport arrange-
ments as well. The mdiftied form of the transonic classical

smell disturbance in conservation form as
To understand clearly the closely coupled used in Ref. (S], will be amplod in the current

canard-wing interference transonic flow fields with formulation of the camard/tail problem.
emphasis on benefits associated with longitudinal

* ~and lateral positioning that have baen discussed in 11-N)-41 Z.SI .15'1 W
the subsonic regim by Lac"(2] and trasemic regime Y x
by Gloss and Wshburn[3], it is essential to develop 1 (1)
full nonlinear coupling of both surfaces. in this r 1

respect, the itual induction arises maturally in y
the Comutational oda1 In contrast to other
"immersion techniques which have ben advocated. Tis she - tim is the CORNOW tto form
The latter employs an iterative proecedur In which rually WUT for bttr vok ramlwtu, Oeof Eq. (1) allows eftto 401the w etsmmrd Iu-

ce boundary codito at mt respotivea man
chord plans and trmnter oudary -nIqtto em the

limber Technical Staff, Associate Fellow AIM. fusoel to a envaret csUttI l waitt
**uageW. Fluid Dynamis Broup, Associate Fellow $00tI''i to fI~1 , is usy betf m-
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0 (X.y;Zw'ct) u JdZ .Cxy
2D2 .L J L (2) CNR

whr z-%,tdefines the wing/canard MRa plane 7
-sign the low - urface. The wing/canard shape Is

prescribed by Zw~c(xy). Application of boundary CNR A
conditions on the mn plane avoids the need for M XE8
body-fitted mapping procedures. The subscripts w CNR
and c denote the wing and canard. respectively. RMN

Across the vortex wake, there will be a jump in
the velocity potential $ which will be incorporated
in the calculation as a boundary condition while 0U )10(T'W
solving Eq. (1) at grid points neighboring the wake. CIXT 1
The wake jump condition is

E41WING, o(x~y~z,+) - $(x~Ysz,) Fig. 1. General canard-wing-fuselage arrangement

mr (y) x xXTEw )
E#3 cANA *(x.y.zc+) - *(x.y.z,-) (3

urc(Y) x xXTE~c GOA O

where ATE prescribes the trailing edge shape and Poe gUN

rw(y) and rc(y) denote the sectional circulation
given by

rw(Y)U * (xTE,.(Y),Y-zw+) 1~tN

r(TEw(y)'z- *tMCU"P

- (Ixr,c(yY'yzc-) Fig. 2. Coqautational dbmainin for the canard-

Transformation and Wrddimaa g ragmn

In general, canard-wi ng configurations will have
diffe ren t planform shapes for both lifting units,
and in particular, different leading and trailing
edge sweeps. In order to treat arbitrary arrange-
ments, it Is essential to Incorporate separate

* shearing transformations for both surfaces to un-
sweep them to rectangular planforms in a caqamUa- Lm

*tional domain. This can be accomplished using the "N
following shearing transformation.

re~c XT~wcty w .. NC (

'w3t. f
f,c 2 J

Sinte the treastwmtt" fr fte wing Is different
fvqi tm soeud, tim oqauttimnl boxn coninng Fig. 3. Single fin grdrremmgint
t anar 0"Will be 41ftm tram tet contaiin
ton Wi0g. Ibis is Illaws~td in FtVre 2.

Is fir stablish a COMMtoatift beM Fige ft Th~ Itbwi
S wigbe" am twe cam#r k". 1r 46o- tpmtnfr Crbse wie

*0m an to tfe eter, a gol crud grid willI be In to=m P- aeM u -fit
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Eq. 5. To achieve a desired flow resolution for the Referring to Figure 4. a bi-wing system withsut
two units, a very fine grid with clustering near the a fuselae Is shown. The far field derilvation pro-
leading and trailing edges will be used in the cedure l be indicated for these elemets, and an
canard and wing boxes. The Cartesian crude grid extension to Inclusion of the fuselage will be
will extend sqveral chord lengths away from the con- briefly indicated. Shown In the figure Is the
figuration where far field boundary conditions can canard surface, S , upstream of the min wing, SW.
be set. For very closely coupled canard-wing AC dhl

systems the concept of two fine grid box arrangement Also depicted are the respactive trailing vortex

can lead to erroneous solutions as well as numeritcal sheets, Sv(c) and Sv , of bt' elements. A za0 pro-
stability problems due to placement of the outer jection of the compound lifting system is indicated
boundaries of the fine grid boxes in strong non- in Figure 4b.
linear regions of the other surface. This problem
was experienced in the earlier two-dimensional anal- For this derivation, we neglect the dowm rd
ysls(41. Thus, when a closely coupled canard-wing deflection of the wake for moderately large down-
system is analyzed, a single fine grid box that en- stream locations of the computational approximation
closes both the canard and the wing is used (the of the Trefftz plane boundary. Also neglected In
single fine grid box has a shearing transformation this treatment are vortex roll-up and leading edge
based on the wing planform). This is illustrated separation phenomena.
in Figure 3. In this situation, the location of
the canard leading and trailing edges within the Using the procedure from Refs. E7] and [8], we
wing sheared fine grid system Is obtained by inter- obtain the aforementioned integrodifferential equa-
polation. Also, the fine grid my have to be speci- tion for the velocity potential 4 by applying
fied manually to achieve desired grid clustering for Green's theorem to the small disturbance equation.
the canard. The double fine grid box arrangement of Here we deal with the Karman-Guderley formulation
Figure 2 should work very well for mildly coupled to illustrate the basc method to be applied to a
canard-wing systems. modified small disturbance solver[4]. Using suit-

able strained coordinates (xy,z) indicated in the
Solution Procedure figure (for field points referred to an origin at

the center of the wing leading edge, and a corre-
Equation (1) in its Cartesian form is solved in sponding set (C.ir.) for the dumy variables, the

the global crude grid while the transformed equation small disturbance equation for the perturbation
in terms of the new variable cn,& is solved in the potential # in this system is
fine grid box using a successive line over relaxa-
tion algorithm. After each relaxation cycle along v2 * + 3 + A . Al*_
the crude grid-fine grid interface, the potential W 

2  Ok (6)
values from the crude grid are interpolated on to
the fine grid points and used as Dirichlet boundary +1
condition for the fine grid box. Similarly, at the A
wing and canard mean planes, the potential values
for the crude grid points are obtained from the grid For purposes of application of Green's theorem, we
values and provide a Dirichlet boundary condition introduce a fundamental solution 6 which satisfies
for the crude grid domain. The use of crude grid- the following equation
fine grid successive sweep procedure accelerates the
convergence process[6J. 2 ,,G - d(-x)6(n-y)6(C-z) . (7)

Far Field Solution
Thus, G is the usual unit source given by

Along the outer boundaries of the computational
domain it Is important to use appropriate far field G -
boundary conditions. These wIll be obtained from a 4A
bi-wing generalization of the asymptotic analysis of
Nurman and Cole[7] for non-lifting airfoils and its R, - (X-0, + (Y-02 + (Z-02)
three-dimensional wing extension by KlunkerEBJ. Using Green's theorem on the domain cut along

the approximate wake locations shown in Figure 4b,
i.e., the planes, yc 0 and y 0 0, we obtain

N IJ' L I ""

"S. L>)CAMMAO

Fig. 4a. Canard-wing system and for-field Fig. 4b. Canard-viag system - protile v!iw
boundaries
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a *(,) Esako +ff~~.iVC (a) C f4c~
A ff .,_ ed dq rc f y€(n)dn y -"# l:]TE ' c t#] '

and B, Sc representing respectively the scaled wing
where, in the partial integrations, Ill terms from and canard semispans.
the shock surfaces such as a (shown schematically in
Figure 4a) vanish, and Note that in (9)

ff(x,y,z)j E f(x,yo.+) - f(x,YO-) )
and the &,C subscripts denote partial differentia- L O(S/PO)
tion in the integrals. (c) -Sj U

I ( O(Sc) IO )
The integrals over the finite domains can be L

simlified by approximating the kernels for x + y and Vie rest of the terms are higher order beingzg+ . , w ith normlized semspan B - O(y' + z=) K )o , whch can be neglected for suffciently
This approximation and the condition that can be
arbitrarily prescribed leads to the desired asjp- large computational domins. It is therefore appar-
totic formula eant that owing to the linearity of the far field,

the dominant effect is the sum of the two lift con-
L TI + tributons lL and IT* Where. as in the two-

L +T L 1_c) + 1_c) + v dimensional case discussed In Ref. [4], there is

however nonlinear coupling between the circulationswhere, if the wing and canard are given by the r and r'c
equati ons.,

In a similar fashion, the effect of the far

z fu.t.(x~y) (xLE 4 x 4 xTE , -S Y y B) field of a slender body contribution can be added to
(9) using the nonlinear line source far field

(c)y e) xpression given in Ref. [9]. Denoting this term as

respectively, then IF o(S/RO) as R0

1L .t wing lift
Sn + I i o (lOa) where S. is the body base area. If, as in typical

cntribution cases SO/S << and S << then IF will be

I ff t(n)dd thi c s neglected.

T a- (ontribution (10b) In the vicinity of the projections of the lift-
Stig elements In the Trefftz plane, the previous

approximations become invalid. The appropriatelimits are obtainel by assming

I. -"fff. d . nonlinear (oc) Z*)zP. a o(.1c) s* x (11)

Using the limit (11), (8) can be approximated to
give the contribution of the projection of the vor-I(a) - L + - canard lift (1k) tex sheets from both elmnts

f"c) . tcdC(le) c (,00) 112)

v h $thcns

With 44 (Y0 + 2

X . X " 6 , i_ V 1 3 S

.f t fC) ,.c) lie a

p C C c , - cu a 9 9 1 * *C - ) a a l aa
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then the canard. To match the experimemtal lift, the
computer code was run at in angil of attack of 1.80.

cwhile the experiment was conduced at 4.12. Ti
*(x.yOt) x -o ± (13a) increased angle of attack used ln the cemputattomal

8 c b-) + Z! run, iS an ad hoc fIx to accout ftr the suction
peak associated with the weak leading edge vortex
present in the experimental run as wll as viscousand and wall ilterference effects. Still, there Is a
discrepancy in the surface pressure distribution

(B comparison btween numerical prediction and exper,-*(xjyh±) ± + w + n~ , x+ I(131)) mental data As shown In Figure 7. The presence of
T w) the canard produces a dowmash field in front of the- 0 wing causingan effective decrease in the angle of

for the fuselage absent. attack. This/results in a reduction In the nose
pressure distribution. The comparison on the lower

Equation (12) corresponds to the solution of the surface pressure with and without the canard Is very
cross flow Laplace's equation for the perturbation good. At higher angles of attack the comparison
potential in the Trefftz plane cut about the projec- with data is very poor due to the inability of the
tions of the wing and canard. If a fuselage is computational model to predict the leading vortex
present, the solution can be obtained by superposing system. The case shown in Figure 7 at least indi-
the appropriate Trefftz plane limit of the nonlinear cates the right trend predicted by the computationl
line source described in Ref. [9]. model with the canard present and interestingly, isin qualitative agreeqent with the behavior of two-

Results dimensional systems treated in Ref. [4].

All the canard-wing calculations presented here Another canard-wing configuration considered is
were performed using the LBL COC 7600 machine. A shown in Figure 8. Two different canard pokitions
single fine grid encompassing both the canard and in the vertical direction are analyzed. For this
wing was used since the configurations consider- case, the effect of the canard and its position on
ed in this paper were all very closely coupled the wing sectional lift characteristics Is shown in
canard systems. A typical fine grid consisted of Figure 9, for M. = 0.84 and angle of attack of 30.
90x30x20 points and the crude grid 30x20x20 points. The lift produced by the canard produces a dowmeash
A total of 100 crude-fine cycles requiring 10-15 in frqnt of the wing causing the wing lift to
minutes of CPU time usually resulted in satisfactory decrease. However. at wing span stations away from
convergence in which the difference In # tetween two the canard tip, the effect of the canard is minimal.

* successive cycles was of the order of 10"-. Corresponding to this case, the pressure contours at
the wing span station (ylb) a 0.245 Is shown In

Gloss and Washburn[3] have made extensive exper- Figure 10 for both the canard off and on situations.
imental measurements on the close coupled canard- Figure 10(a) shows the isolated wing case (canard
wing configuration shown in Figure S. The wing off) exhibiting a shock on the upper surface. lhen
and canard surfaces consisted of sharp leading edge the canard is placed at 0.5 Ca above the wing plane
circular arc airfoils. The pressure data In their (CR is the wing root chord), the shock weakening on

* report clearly indicate a strong leading edge vortex th wing due to dommsh produced by the canard is
system especially at higher angles of attack. Since clear In Figure 10(b). Even further weakening of
the computational model in its present form cannot the shock due to closer positioning of the canard Is
predict leading edge vortex flows, for comparison seen in Figure 10(c). Figure 11 shows the surface
purposes, only the small angle of attack case is pressure distribution on the wing at various span
considered, where the leading edge vortex is weak. stations with canard off and on. This figure also
Figure 6 shows the comparison of spnlond distribu- clearly shows the reduction In wing shock strength
tion on the wing with and without the presence of when the canard is present.

.ING

Fig. S. Closely coipled cagard-Ving m"I (ft. 3)
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CANARD A siuple cauw qtrasnic awmputtnma
modl1~ I sentW. Th formulationmect womr
deflection. verioK r11l-u and leading sdgp ""ftr-

';aasCRties pheagmeno. Ai apwrpiae far field wrs
~- ~ . ..L~U5C ston for the volocttV potential Is derived and to-

CRwisg onfiurations and some Capparison with exper-
WINS imental dafta is made. An e irCal incidence

I correction for the wing laIn efte vertax gives
good agreement with experim t t low Incidences.
The presence of the canard produces a diows field
that tends to waken the shock system on the wing
surface. For higher incidento, sae kind of a lead-
ing edge potential vortex core model' superipse

Ac M onto the present computational treaten wulde
greatly enhance the prediction capability. This
will be pursued In the future along with suitable

0.8 CR models for incorporating the wake roll-up phenomena.
The computational speed can also be enhanced by use
of implicit factored algorithms.
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